T he impact of Arctic industrialization, which is increasingly possible owing to reductions in sea ice, on local air quality, and on climate is not well understood (e.g., Corbett et al. 2010; Peters et al. 2011; Ødemark et al. 2012; Dalsøren et al. 2013) . This article describes the Arctic Climate Change, Economy, and Society (ACCESS) aircraft campaign, which aimed to study emissions from human activities such as oil and gas extraction and shipping within the context of other pollution sources that impact the region. The campaign utilized the Falcon 20 aircraft from the Deutsches Zentrum für Luft-und Raumfahrt (DLR) that was equipped with atmospheric trace gas and aerosol instrumentation. The Falcon was based in Andenes, northern Norway (69.29°N, 16.14°E) , from 9 to 27 July 2012. Here, we present an overview of the ACCESS campaign measurements, model forecasts used for flight planning, and highlight first scientific results.
Although the Arctic is located far away from midlatitude pollution sources, air pollution is pervasive in the Arctic. During late winter and spring, Arctic pollution levels increase because the polar front reaches lower  The European Arctic Climate Change, Economy, and Society (ACCESS) aircraft campaign focused on quantifying emissions from shipping and oil/g a s extraction and on pollution transported from midlatitudes into the Arctic.
latitudes, allowing anthropogenic emissions from, for example, Eurasia to be more frequently transported into the region (e.g., Stohl 2006) . In addition, pollution removal processes occur more slowly (e.g., Barrie 1986; Law and Stohl 2007; Quinn et al. 2007 ). Later in spring and summer, boreal and agricultural fires in Alaska, Canada, and Siberia impact the composition of the Arctic atmosphere (e.g., Warneke et al. 2009; Jacob et al. 2010; Singh et al. 2010; Brock et al. 2011; Thomas et al. 2013; Law et al. 2014) . While local sources of emissions in the Arctic are rather small at present, there are several exceptions-for example, high sulfur emissions originating from the Kola Peninsula and Norilsk (Siberia) (Virkkula et al. 1998; Prank et al. 2010; Walter et al. 2012; Bauduin et al. 2014) as well as significant flaring emissions of black carbon (BC) related to oil and gas extraction in northern Russia (Stohl et al. 2013 ). However, these sources are poorly quantified (Prank et al. 2010; Walter et al. 2012; Stohl et al. 2013) .
The impact of local emissions on Arctic tropospheric composition is not only limited to increasing the levels of air pollution but is also tied to climate (e.g., Dalsøren et al. 2013; Ødemark et al. 2012) . For example, BC impacts Arctic climate both in the atmosphere and upon being deposited onto ice and snow (e.g., Flanner et al. 2007; Bond et al. 2013) . It is well known that climate change is proceeding much faster in the Arctic than on global average (Stocker et al. 2014) . One open question is to what extent shortlived climate forcers, especially ozone and BC aerosols (Law and Stohl 2007; Quinn et al. 2008) , contribute to climate change in this unique region, which is characterized by a high surface albedo, long periods of sunlight (darkness) in summer (winter), and polar boundary layer dynamics.
As a result of the significant reduction in Arctic sea ice, the region is opening for new human activities, including transit shipping and resource extraction. Specifically, the Arctic region is estimated to contain 30% and 13% of the world's untapped gas and oil reserves, respectively (Gautier et al. 2009 ). Oil and gas installations emit a broad mixture of gases (e.g., NO x , SO 2 , VOCs, CH 4 ) and aerosols including BC (e.g., Peters et al. 2011; Karion et al. 2013; Stohl et al. 2013; Pétron et al. 2014) . Emissions during the extraction process occur because of power generation, burning natural gas and diesel as fuel, as well as from venting/ flaring activities (e.g., Jaffe et al. 1995; Peters et al. 2011; Stohl et al. 2013 ). The present impact of Arctic oil and gas extraction on air pollution and regional climate is discussed in a recent model study by Ødemark et al. (2012) , which uses an emission inventory developed specifically for petroleum activities in the Arctic (Peters et al. 2011 ). According to their study, current Arctic oil and gas extraction emissions are responsible for regional net radiative forcing (RF) of approximately 20 mW m -2 , mainly owing to emitted BC deposited on snow. However, models rely on a description of both emissions and chemical and aerosol processes (including BC) and it is well known that models have difficulties to accurately simulate pollutant concentrations in the Arctic region (e.g., Shindell et al. 2008; Lee et al. 2013; Schwarz et al. 2013) . Shortcomings in modeled aerosol distributions can be partly attributed to incorrect treatment of scavenging processes in the models (e.g., Bourgeois and Bey 2011; Browse et al. 2012; Liu et al. 2012 ). However, Stohl et al. (2013) recently demonstrated that shortcomings in emission inventories, especially the absence of flaring emissions (originating from petroleum extraction and production processes in Russia), are also responsible for incorrect representation of BC in the Arctic. These uncertainties underline the need for the evaluation of current knowledge of Arctic oil and gas extraction emissions. Currently, the only observations reported in the literature are based on measurements of onshore oil extraction facilities in Prudhoe Bay, Alaska (Jaffe et al. 1995; Brooks et al. 1997; Brock et al. 2011) .
A second important and increasing Arctic industrial activity includes both local (fishing, passenger, and local supply vessels) and transit shipping (bulk carriers and tanker ships) (e.g., Corbett et al. 2010; Peters et al. 2011) . Arctic shipping routes that transit the Arctic are of high economic interest because of the shorter travel distances and fuel cost savings. For example, the route from Rotterdam to Yokohama is 40% shorter via the Northern Sea Route (a shipping lane along the Russian Arctic coast from Murmansk to the Bering Strait connecting Europe and Asia) compared to the distance through the Suez Canal (Liu and Kronbak 2010) . Arctic shipping routes may reduce total ship emissions owing to shorter distances, which has positive effects on the impact of long-lived (i.e., well mixed) pollutants such as CO 2 . However, short-lived climate forcers such as BC and tropospheric ozone, directly emitted or formed in the Arctic, may have negative impacts on the regional pollution and climate (Sand et al. 2013; Schwarz et al. 2013; Stohl et al. 2013 ). The present and future impact of Arctic shipping on air pollution and regional climate has been discussed in recent model studies by Ødemark et al. (2012) and Dalsøren et al. (2013) . The current net radiative forcing of Arctic shipping was found to be slightly negative (~-20 mW m -2 ), mainly because of cooling due to sulfate aerosols (Ødemark et al. 2012) . However, expected International Maritime Organization (IMO) regulations on sulfur oxides (SO x ) emissions together with positive contributions from ozone and BC were suggested to turn the effect of shipping emissions into a net warming in 2030 (Dalsøren et al. 2013) . It is important to note that shipping through the Arctic is not straightforward because both fuel savings and navigational risk are dependent on sea ice cover. In-Arctic shipping activities are projected to increase also because of resource extraction, fishing, and tourism. It has already been demonstrated by Eckhardt et al. (2013) that tourist ships increase SO 2 , ozone, and BC concentrations observed in Spitsbergen (an Arctic tourism destination) in summer.
There are large uncertainties both in quantity and composition of emissions from ships and oil and gas extraction activities based on measurements, especially in the Arctic. Knowledge of emissions and their atmospheric processing however is the basis for predicting current and future Arctic tropospheric composition. Therefore, improving and validating these emissions by characterizing type and amount of emissions from local Arctic pollution sources is essential. However, these emissions have to be considered in the context of other ongoing Arctic pollution sources and pollution transported into the Arctic region from both anthropogenic and biomass burning sources.
THE ACCESS AIRCR AFT CAMPAIGN.
Scientific objectives and flight overview. The ACCESS campaign was conducted within the framework of the EU project ACCESS (www.access-eu.org), which focuses on the impact of Arctic climate change including human activities in the Arctic. The main objective of the ACCESS aircraft experiment and related model studies is to improve knowledge on the impact of Arctic industrialization, including shipping and hydrocarbon activities, on Arctic air pollution levels. During the ACCESS aircraft campaign 14 flights were performed, of which 9 flights were Global atmospheric chemistry and CO tracer forecasts Hollingsworth et al. (2008) WRF-Chem Regional meteorological and chemical tracer forecasts Grell et al. (2005) , Fast et al. (2006) FLEXPART-WRF Plume dispersion forecasts Brioude et al. (2013) HYSPLIT Plume dispersion forecasts Draxler and Hess (1998) * The terminology used in the scientific literature for black carbon is often ambiguous and different names are used based on specific particle properties and the associated measurement techniques (Petzold et al. 2013) . Following the recommendations of Petzold et al. (2013) , we use the more specific term "refractory black carbon (rBC)" in this manuscript when we refer to quantitative measurements of the rBC mass and number (or quantities inferred from rBC mass measurements) using the SP2.
dedicated to studying Arctic air pollution. Figure 1 shows all ACCESS flight paths, noting that measurements were not possible in Russian airspace (east of 30°E). Table 1 lists the specific scientific objective of each flight, which mainly focused on pollution off the Norwegian coast. All flights (with the exception of F10 and F11) were conducted within the Arctic Monitoring and Assessment Programme (AMAP) region, which is a definition of the Arctic region that incorporates elements of the Arctic Circle, political boundaries, and major geographic features (Murray 1998) . In situ observations included measurements of carbon monoxide (CO), ozone (O 3 ), nitrogen monoxide (NO), nitrogen dioxide (NO 2 ), nitric acid (HNO 3 ), sulfur dioxide (SO 2 ), aerosol number concentration and size distribution, and refractory black carbon (rBC) mass and number concentration, as well as a suite of meteorological observations. Most of the measurements were performed at a high temporal resolution of typically 1 s corresponding to a spatial resolution of about 100-200 m (depending on flight altitude). Table 2 gives an overview (more details are available in the online supplement: http:// dx.doi.org/10.1175/BAMS-D-13-00169.2) of both the measurements and the tools used for flight planning (satellite and forecasts). Most of the flights aimed to study pollution from low-altitude emission sources such as shipping and hydrocarbon extraction facilities. To study emissions from ships, several vessel types using different types of fuel were targeted. For the analysis of emissions released by hydrocarbon extraction facilities, we focused on a number of oil and gas installations located in the Norwegian Sea. To evaluate the possible impact of future anthropogenic activities, the context of current pollution sources influencing the Arctic composition is important. Therefore, pollution from the smelting industrial complexes on the Kola Peninsula was also sampled after transport to the Barents Sea (west of Russian airspace)-a region reachable by the Falcon. Kola Peninsula industrial activities are known as a large source of anthropogenic sulfur (SO 2 and particulate sulfate) in the Arctic (e.g., Benkovitz et al. 1996; Virkkula et al. 1998; Prank et al. 2010; Kyrö et al. 2014) . Also, during ACCESS we observed regular transport of Siberian and North American biomass burning emissions to northern Norway, providing us with the opportunity to study the chemical and aerosol composition in these plumes.
Meteorological context. The large-scale synoptic situation during the campaign was characterized by a persistent low pressure system that influenced large parts of northern Scandinavia, the Barents Sea, and the Norwegian Sea (Fig. 2a) . During most days, the low over Scandinavia caused northerly winds along the coast of northern Norway. In contrast, weak high pressure dominated farther west over Greenland. To the south, a strong and persistent zonal jet stream was located over the North Atlantic. During the campaign period, the strength and position of the dominant low pressure system varied on a daily basis. It was encircled by a number of mesoscale cyclones resulting in a high frequency of episodes with low-level clouds and rain. Figure 2b shows that the large-scale pressure pattern north of 60°N was anomalous with respect to the 30-yr climatological mean, especially over northern Scandinavia where anomalously low pressures occurred related to the dominant and persistent low pressure system.
The mean sea level pressure, wind speed, and wind directions for five representative flight days are shown in Fig. 3 . For example, Fig. 3a illustrates the northerly flow along the Norwegian coast south of Andenes, which was favorable for the ship-plume study conducted on 12 July. The southeasterly flow northeast of Andenes on 13 July allowed sampling of the Kola Peninsula plume over the Barents Sea (Fig. 3b ). An intense low associated with clouds and rain was located off the coast of Andenes and prevented flights from 14 to 16 July because of high ground-level wind speeds. A pronounced northerly flow over Spitsbergen resulted in transport of biomass burning emissions from Siberian fires across the pole into the Arctic that was probed in detail by the Falcon aircraft on 17 July (Fig. 3c) . The northerly and westerly low-level flow over the Norwegian Sea on 19 and 20 July (Figs. 3d and 3e) , respectively, allowed undisturbed sampling of ship and oil and gas platform emissions without being impacted by any other land-based pollution.
ATMOSPHERIC PLUME DISPERSION. One challenge in studying the impact of localized emissions is to separate the contributions from chemical transformations and aerosol processing from those arising from dispersion processes in the atmosphere (e.g., Song et al. 2003) . After release, the pollution plumes mix into the background atmosphere (surrounding air) and spread both vertically and horizontally, resulting in pronounced horizontal and vertical concentration gradients. Correct representation of dilution processes is needed in order to study both nonlinear chemistry (e.g., ozone production) and aerosol processing (e.g., coagulation) in freshly emitted plumes (e.g., Cariolle et al. 2009; Huszar et al. 2010; Vinken et al. 2011) .
Atmospheric dispersion of source emissions close to the ground strongly depends on meteorological conditions (e.g., wind speed and direction, stability, and atmospheric turbulence). Therefore, to predict the location of plumes we used two different particle dispersion models [Flexible Particle dispersion model-WRF (FLEXPART-WRF; Brioude et al. 2013) and Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT); see supplement] driven by meteorological forecasts. The plume forecasts were important due to the numerous platforms and ships in the region (e.g., the Norwegian Sea) and helped to ensure clear separation between different plumes. An example is shown for the flight on 20 July 2012, which focused on the Heidrun production platform located in the Norwegian Sea (Fig. 4a) . FLEXPART-WRF was run using the meteorology predicted as part of the WRF Chemistry (WRF-Chem) model forecast initialized at 1800 UTC 19 July 2012 by injecting a nonreactive tracer at the location of the Heidrun platform (plume injection for 24 h starting from 0000 UTC 20 July 2012). In Fig. 4b both the forecast plume location (vertically integrated column concentration) and the flight track are shown. When studying a single plume, the objective was to characterize the plume using multiple plume crossings at different altitudes and distances. Furthermore, at least one crossing located upwind from the facility was necessary to separate the selected plume from any other pollution source. Figure 4c shows the predicted vertical extent of the plume as a function of the distance from the Heidrun platform. It shows a rapid vertical dispersion of the pollution plume in the boundary layer and indicates why it was important to characterize the plume using several flight legs at different altitudes. In this case, the plume was sampled using an S-shaped pattern that crossed the plume four to five times downwind of the platform, which was repeated at the altitudes 100, 300, and 480 m. The plume sampled during this flight was also impacted by emissions from an oil tanker (Randgrid) located near the platform. This observation demonstrates that it is essential to not only understand the emissions from the platform itself but also to take emissions from the associated shipping traffic into account.
EMERGING LOCAL EMISSION SOURCES.
Emissions from offshore oil and gas extraction and exploration facilities. During the campaign two ACCESS flights were dedicated to studying the emissions from offshore oil and gas extraction facilities. In summer 2012, there were 13 active fields in the Norwegian Sea, compared with only one active installation in the Barents Sea (www.npd.com). Therefore, we focused our measurements on oil and gas facility emissions in the Norwegian Sea, which is located within the AMAP Arctic region (see inset Fig. 5 ). Measurements near platforms require low altitude flying and high visibility for safety (>10 km) with minimal cloud cover. The favorable meteorological conditions predominant on 19 July allowed the performance of a flight in the Norwegian Sea, which was aimed at surveying the area and measuring emissions from different types of facilities. During the flight, northerly/northeasterly winds (see Fig. 3d ) and moderate wind speeds of 5-7 m s -1 were observed. To support the interpretation of the measurements, the flight was performed in close collaboration with the Norwegian oil company Statoil (www.statoil.com), which confirmed normal operating conditions for most of the facilities during the flights. We observed enhancement in pollution downstream from all facilities (see Fig. 5 ; NO mixing ratios color coded along the flight track). In addition to emissions from oil platforms, ship pollution was also occasionally sampled in the vicinity of the facilities because of ship traffic in the region of the platforms (e.g., transport tankers).
A distinct pattern in the chemical and aerosol composition in plumes originating from different types of facilities was clearly observed (Kim et al. 2013) . Briefly, an example of measurements for the Åsgard field (see red box in Fig. 5 ) is shown in Fig. 6 . The Åsgard site consists of three single installations, including an oil and a gas production facility (Åsgard A and B) as well as a condensate storage tanker (Åsgard C). The emissions released by the Åsgard A and B production facilities showed enhancements in total number of particles and NO, while enhancement in SO 2 was not observed. Interestingly, despite the low concentrations of SO 2 , a significant increase in the nucleation mode particle fraction (up to 50% of total particle concentrations) was observed in fresh Åsgard A and B emissions (plume ages of approximately 20 and 35 min, respectively). This suggests new particle formation in the plumes, probably owing to high levels of coemitted VOCs originating from gas venting. In contrast, the emissions from the Åsgard C tanker were characterized by high SO 2 concentrations and a high fraction of nonvolatile particles (>80%) together with enhanced rBC mass concentrations. The number concentration of nonvolatile particles (mostly BC, organic matter, and ash in plumes) was a factor of about 100 higher than the number concentration of rBC containing particles detected with the single particle soot photometer (SP2). This difference was already observed during earlier studies of fresh ship plumes (e.g., Buffaloe et al. 2014) . The reason for this is that most of the BC particles emitted by the Åsgard C tanker were smaller than the lower detection limit of the SP2, which is 0.48 fg, corresponding to an equivalent rBC diameter of 80 nm. The particle size distribution measured by the ultrahigh sensitivity aerosol spectrometer (UHSAS-A) in the Åsgard C plume is shown in Fig. 7 and is compared to that measured in the clean marine boundary layer air. These measurements indicate that there was a large enhancement in the particle number concentration in the plume for particles less than 170 nm in diameter with the modal diameter of the size distribution being smaller than the lower detection limit of both the SP2 and the UHSAS-A. The probed drilling rigs (Deepsea Bergen and Transocean Spitsbergen) released moderate levels of SO 2 along with a high number of rBC containing particles (Kim et al. 2013) , suggesting that exploration drilling may be a more important source of BC than production facilities.
Ship emissions.
There are a number of publications on in situ measurements of emissions from various vessel types and under different conditions (Hobbs et al. 2000; Lack et al. 2009 Lack et al. , 2011 Lack and Corbett 2012; Williams et al. 2009; Jonsson et al. 2011; Diesch et al. 2013; Cappa et al. 2014; Beecken et al. 2014) . During ACCESS we generally focused on the smaller vessel types, which are expected to operate in the Arctic in the future. We sampled fresh emissions released by different types of ships, including cargo, passenger ships, and fishing vessels using different fuels including heavy fuel oil (HFO) and marine gas oil (MGO). MGO is more refined than HFO and has lower sulfur content. Table 3 lists most vessels we probed, including vessel types, dimensions, and engine type. It also shows ratios of observed emissions-namely, ratios of SO 2 (which is dependent on fuel sulfur content) to NO x (which is related to combustion temperatures) and the fraction of nonvolatile particles. The plumes were usually sampled very close to the ships to prevent any atmospheric processing. It is worth noting that sampling of emissions close to fishing boats was complicated by the large number of birds around the vessels and the resulting safety issue for the aircraft. As expected, the lowest SO 2 -to-NO x ratio was observed for the ship running with MGO (Wilson Leer), while the highest ratio was found in the plume released by the largest vessel (Costa Deliziosa). The percentage of nonvolatile particles by number ranged between 50% and 79%-similar to findings of Petzold et al. (2008) and Moldanová et al. (2013) .
During ACCESS we also investigated the chemical and dynamical evolution of pollutants released by three different vessel types (small and midsize cargo ships, passenger vessels), similar to the studies of, for example, Song et al. (2003) , Chen et al. (2005) , and Petzold et al. (2008) . On 12 July, the Wilson Nanjing, a midsize cargo ship running with HFO, traveled northward along the Norwegian coast. The nor t herly w ind conditions on that day (Fig. 3a) resulted in the heading of the ship being into the wind, resulting in rapid dilution of t he plume. Plume dispersion forecasts from the HYSPLIT model were used to plan this experiment and the Falcon flight was designed to cover the three-dimensional structure of the evolving plume, from the vicinity of the vessel up to a downwind distance of more than 70 km. The flight was performed in close collaboration with the ship operator (Wilson Ship Management). On the day of the experiment, the captain reported his current position, vessel speed, and heading, which allowed the calculation of the approximate plume position at the time of the flight. HYSPLIT plume forecasts were performed using emission tracers released every minute along the planned ship track (Fig. 8a) . Figure 8b shows the measured NO x concentration along the flight path on 12 July 2012. At the beginning of the flight, the Falcon approached the vessel to search for the fresh plume, indicated by strong enhancements in gas and aerosol concentrations (as observed by the instrument operators onboard the Falcon). The plume was then sampled downstream during several passes, based on the positions as forecast by the HYSPLIT model in combination with real-time in situ measured wind direction. Communication between the pilots, the mission scientist, and the instrument operators ensured that the plume was encountered during each transect before the Falcon proceeded to the next flight leg. The slight gradient in observed NO x mixing ratios toward the coast is due to other ships traveling in the measurement region. The maximum NO x and total and nonvolatile particle concentrations measured during each plume transect are presented as a function of distance from the emission source in Fig. 8c . It shows that aerosol and NO x concentrations were still above background levels even about 1.5 h after emission.
EMERGING ARCTIC INDUSTRIALIZA-TION IN CONTEXT OF CURRENT ARCTIC POLLUTION. Kola Peninsula emissions.
Smelting industrial complexes emit large amounts of SO 2 , an aerosol precursor, due to the presence of sulfur in metal ores. Most knowledge about SO 2 emissions (1) a The ratios of SO 2 to NO x and the fraction of nonvolatile particles were calculated using the integrated peak areas for each plume encounter. Uncertainties were calculated using the instrument uncertainties combined in quadrature.
b Fuel type: RMG380CST.
c Fuel type: marine gas oil (DMA), sulfur content 0.082.
d The dilution system was switched off during this plume measurement and the total particle number concentrations exceeded the upper detection limit of the instrument.
e LxB: length × beam (width at the widest point).
from the Kola Peninsula is based on groundbased observations from stations located in Finland and Norway (e.g., Virkkula et al. 1998; Prank et al. 2010; Kyrö et al. 2014) . Recently, using a combination of dispersion modeling with ground-based observations, Prank et al. (2010) showed that the emission rates of SO x are strongly underestimated in the major European emission inventories. They concluded that the Kola Peninsula is still the largest source of SO x in Northern Europe and the second largest (after the Norilsk industrial region) in northern Eurasia. Aircraft sampling of Kola Peninsula emissions is difficult because of the required permissions to operate in Russian airspace (e.g., Paris et al. 2008) . Meteorological forecasts showed that southeasterly wind conditions favored transport from the Kola Peninsula to the Barents Sea on 13 July (Fig. 3b) , which is a region reachable by the Falcon, therefore allowing us to sample these emissions above ground level and at multiple altitudes. Accordingly, a flight route was planned using SO 2 tracer forecasts from the WRF-Chem model (see supplement for more details), illustrated in Fig. 9a . Figure 9b shows a time series of SO 2 mixing ratios during the most eastward part of the flight together with the aircraft altitude. Elevated SO 2 concentrations varied from about 200 pptv up to more than 1 ppbv, while typical atmospheric background mixing ratios were in the range of a few tens of parts per trillion by volume. The time series of several trace gas and aerosol species during this period is shown in the electronic supplement (Figs. ES3 and ES4) . Briefly, both rBC and other aerosols were enhanced in the boundary layer; however, the elevated aerosol concentrations did not always correlate with SO 2 . During the flight, we partially observed cloudy conditions, and European Centre for Medium-Range Weather Forecasts (ECMWF) forecasts showed that low clouds were predicted 1-2 days earlier in the region of the Kola Peninsula. Therefore, the plume is likely to have been impacted by wet removal of aerosols and cloud processing prior to measurement and thus requires chemical transport modeling (including full chemistry) to quantify these processes.
Pollution import to the Arctic from lower latitudes.
In addition to local high-latitude emissions, imported pollution from lower latitudes (Europe, North America, and Asia) can strongly impact trace gas and aerosol concentrations in the Arctic (e.g., Law et al. 2014 and references therein). Recently, an increase of boreal wildfire activity and expansion of burned areas has been observed in North America and Siberia (e.g., Stocks et al. 1998; Kasischke and Turetsky 2006; Ponomarev 2013; Kelly et al. 2013) . Siberia is one of the largest boreal fire regions and contributes to pollution transported to the Arctic. It is well known that fires emit large amounts of a number of trace gases including CO, CO 2 , CH 4 , and hydrocarbons, as well as various smoke aerosols (e.g., Andreae and Merlet 2001) and that these emissions may be transported over hundreds to thousands of kilometers (e.g., Huntrieser et al. 2005; Petzold et al. 2007; Stohl et al. 2007; Weinzierl et al. 2011; Dahlkötter et al. 2014) . Summer 2012 in Siberia was one of the hottest on record, which resulted in extended forest fires that produced very high emissions rates of a number of trace species (Ponomarev 2013) . One tracer of fire plumes is carbon monoxide (CO), which is an incomplete combustion product, and is also readily detected by satellites. We used Infrared Atmospheric Sounding Interferometer (IASI)-retrieved CO total columns, as well as global trace gas forecasts from the Monitoring Atmospheric Composition and Climate (MACC) to identify polluted air masses as they crossed the Arctic from Siberia to the campaign region in northern Norway-a transport pathway that was also documented during the Polar Study using Aircraft, Remote Sensing, Surface Measurements and Models, of Climate, Chemistry, Aerosols, and Transport (POLARCAT) campaign (Roiger et al. 2011a; Sodemann et al. 2011 ) and impacted vertical profiles downwind over Greenland (Law et al. 2014) . Specifically, a CO-rich air mass was identified in the satellite retrievals (see black arrows in Fig. 10 ) on 13 July, which during the following days was transported across the pole into the region of northern Norway. In addition, MACC forecasts of total CO and a Siberian biomass burning (BB) CO (tracer)-predicted enhanced pollution north of Norway (Fig. 11 ) on 17 July 2012. Using these two tools, two flights were planned with a stopover in Spitsbergen in order to probe the vertical structure of the biomass burning plume in great detail, although it was clear from the MACC forecasts (Fig. 11) that the largest CO enhancements were out of the Falcon range. The Falcon transected BB pollution located between Andenes and Spitsbergen during the first flight and then sampled the southern edge of a larger and more intense plume located farther north during the second flight before returning to Andenes. The vertical distributions of CO, rBC, and ozone measured during the flights on 17 July 2012 are shown in Fig. 12 , which are compared to a vertical profile taken during the flight on 13 July 2012, which represents a more typical clean Arctic profile (when pollution does not influence trace gas and aerosol concentrations in the middle and upper troposphere).
We also compare the vertical profiles from 17 July 2012, with the average campaign profiles in Fig. 12 . The profiles of CO, rBC, and ozone demonstrate that, during the campaign, transported pollution strongly influenced the middle and upper troposphere, even during flights that did not specifically focus on these plumes. The ACCESS measurements on 17 July and on average showed elevated rBC and CO concentrations due to the Siberian BB pollution, with median rBC values of 20-30 ng kg -1
, at altitudes between 6 and 9 km. In comparison, Schwarz et al. (2013) reported that rBC values measured during the HIPPO campaign at similar latitudes (between 60° and 80°N), but in the remote Pacific region were usually below 10-20 ng kg -1 , pointing for the need for improved representation of BC processing in models and the necessity to compare models with measurements in different Arctic regions.
SUMMARY AND OUTLOOK.
The EU project ACCESS focuses on addressing challenges, risks, and opportunities related to the timely topic of Arctic change, including industrialization associated with shipping and hydrocarbon extraction activities. The measurements made during the ACCESS aircraft campaign included the first observations of emissions from Arctic offshore facilities and provided insights into the composition and atmospheric transformation of emissions released by emerging and increasing industrial activities in the Arctic. Measurements of short-lived climate forcers and their precursors (O 3 , NO x , SO 2 , and aerosols including rBC) were a specific focus of the ACCESS aircraft campaign. We found several distinct patterns in the chemical and aerosol composition from different emission sources, illustrated in Fig. 13 . The vertical distributions of NO, SO 2 , and CO are shown for flights that include the most important pollution measurements (11, 12, 13, 17a, 17b, 19b , and 20 July). The measured fresh ship and oil and gas facility plumes are clearly visible in the Arctic boundary layer, with enhancements in NO and SO 2 that are far above background levels (Figs. 13a,b) . While production platforms and large vessels release the highest amounts of NO, SO 2 emissions are dominated by ships and shuttle/storage tankers operating in the region or as part of offshore oil and gas facilities.
Kola Peninsula emissions measured on 13 July (~1 day old) were enhanced in SO 2 but contained lower values than measured in fresh plumes most likely owing to plume dilution and aging processes. In contrast, CO emissions from these pollution sources are negligible. On the other hand, the CO mixing ratios ( Fig. 13c; is increasingly recognized as important for the Arctic region (e.g., Law et al. 2014 ).
In the future, more detailed studies will focus on quantification of emission fluxes from these sources using the measurements combined with plume dispersion modeling (A. Roiger 2015, unpublished manuscript; L. Marelle et al. 2015, unpublished manuscript) . These emission estimates will be combined with regional chemical transport modeling to study plume evolution and the regional impacts of shipping and oil and gas extraction (e.g., L. Marelle et al. 2015, unpublished manuscript) . The ACCESS campaign also resulted in detailed in situ measurements of the vertical BC distribution in the European Arctic in summer 2012. Future uses of the ACCESS campaign dataset will include assessing the impact of these biomass burning layers on the Arctic radiation budget.
CONCLUSIONS AND PERSPECTIVES.
Although the Arctic sea ice has decreased dramatically during the last few decades (e.g., Overland and Wang 2013) , the development of new industrial activities in the region is still uncertain. Arctic resource extraction, transit shipping, and other forms of resource exploitation depend on a sensitive and complex combination of future climatic, political, and economic developments. For example, the future of cross-polar transit shipping will depend both on access to navigable routes through the Arctic and on the availability of Arctic sea route transit permits and ice breakers to navigate these routes (www.arctic-lio .com/). The future of Arctic oil and gas extraction will be influenced by the price of gas and oil (making more expensive extraction in the Arctic feasible) as well as on geopolitical developments (e.g., regulations) that govern the Arctic region. However, in the long term, the expected increase in global energy consumption and increased open-water conditions are likely to make Arctic hydrocarbon extraction and shipping increasingly attractive.
The ACCESS aircraft campaign has provided one snapshot of current emissions from shipping and oil and gas facilities in one focus region. This is only the start of a process to characterize and understand the currently increasing industrial emissions in the Arctic. It is important to recognize that these emission patterns will change with future IMO regulations and with technology developments to operate in the harsh Arctic conditions. Follow-on studies to characterize local sources of air pollution in the Arctic are clearly needed. For example, comprehensive trace gas and aerosol measurements are required to further characterize pollutant emissions and processing. In particular, characterization of methane, hydrocarbons, and aerosol chemical composition will be important to understand the role of hydrocarbons in atmospheric chemistry and secondary aerosol formation. Finally, because of their importance in the Arctic radiation budget, measuring the vertical distribution of biomass burning and anthropogenic plumes in different parts of the Arctic must continue as a focus of future measurement campaigns.
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